Introduction
The newborn may become hypotensive during episodes of sepsis, acidosis, respiratory distress, hypovolemia, hemorrhage, heart failure, abdominal catastrophe, or active intracranial hemorrhage. A rebound hypertension may occur during the recovery period.
The fetus and neonate respond to experimantal hypovolemia or hypotension with increased release of vasoactive mediators in a similar fashion to the adult [10, 16, 21, 22, 24, 39, 40] . The recovery of the fetus from nitroprusside induced hypotension, is associated with prolonged high levels of vasoactive mediators and a rebound hypertension that is longer than that observed in the adults [39, 40] . The present experiments were designed to investigate a possible mechanism for this difference by examining the simultaneous response of the neurohypophyseal, sympathetic and renin-angiotensin systems and the pattern of recovery of the newborn from nitroprusside induced hypotension in comparison to the fetus and adult.
Material and methods
A femoral artery and vein were catheterized in six lambs 1-2 days old following light sedation with 1 mg/kg phencyclidine intramuscularly and local infiltration of 5 mg xylocaine as described previously [6] . Experiments were performed at least one day following the placement of catheters at a mean of 5.3 ± 0.5 days (range 4-7 days). During the experiments the lambs were lying quietly on their side wrapped lightly and restrained loosely. After a 30 -60 minute control period of stable blood pressure and heart rate measurements, freshly prepared sodium nitroprusside 1 (0.33 mg · ml" 1 in 0.9% saline) was infused intravenously into the lamb for one hour. The infusion rate was adjusted to maintain a mean blood pressure 10 -20% below the control values. The mean total dose of nitroprusside necessary to achieve the desired degree of hypotension was 0.739 ± 0.274 mg · kg" 1 (range 0.312 to 2.075 mg · kg-1 ) or 12 g · kg-1 · min-
(Nipride, Hoffman LaRoche, Inc.) This is well below the minimum dose reported to produce toxic side effects [31, 37] . Monitoring was continued for an additional hour after discontinuation of the infusion.
Measurements
Arterial blood pressure was measured using a Stratham transducer (23 Db) and heart rate determined by a cardiotachometer triggered by the pulse pressure. Measurements were recorded on a multichannel Beckman polygraph. Arterial blood samples were taken before (0 min), during (30 and 60 min) and following (90 min) the nitroprusside infusion. A total of 25 ml of blood (6ml -kg" 1 ) per study was withdrawn and acutely replaced with normal saline. Blood samples for assay of vasopressin and renin activity were collected in chilled glass tubes containing EDTA, catecholamine levels in chillled tubes containing EGTA and glutathione, and pH, blood gases, sodium and osmolality determination in a heparinized syringe as described previously [40] . The volume of blood withdrawn over the two hour period of these experiments has been shown not to affect vasopressin levels [36] .
Plasma was separated by-centrifugation (2000 χ g; 15 min; 4 °C and was stored at -30 °C for later determination of plasma renin activity, catecholamine, vasopressin, electrolytes and osmolality. Blood pH and gas tensions were measured immediately using microelectrodes and a Radiometer blood gas monitor.
Renin activity was measured by generation of angiotensin I using New England Nuclear R Rianen™ Angiotensin I [ 125 I] Radio-immunoassay Kit [34] . Epinephrine and norepinephrine were measured by a radioenzymatic method using Upjohn's Cat-A-Kit™ [25] . Vasopressin was determined by radioimmunoassay using a specific antibody after extraction with acetone and petroleum ether as has been previously described [12] .
Plasma sodium and osmolality were measured using an Instrumentation Laboratories Flame Photometer and an Advanced Instrument HiPrecision Research Osmometer respectively. The coefficients of variation of the methods for determination of sodium concentration and osmolaiity were ± 1% and ± 2% respectively.
Statistical analysis
All data are expressed as mean ± standard error. The data were analyzed using one way analysis of variance and tested for significance using the Bonferoni method. All p values listed for vasopressin, renin activity and catecholamines represent analysis using a log transformation.
Results
The rate of sodium nitroprusside infusion was adjusted to achieve a decrease in mean blood pressure of 10-20% (6-13 mmHg) (p < .02) (figure 1). Mean blood pressure values during the first 2 min of hypotension fell even lower than 20% (from 67 to 35 mmHg) until the infusion rate could be adjusted correctly. After the end of the infusion, mean blood pressure increased significantly (up to 76 mmHg) and remained elevated for 20 min (p < .05). Except for one time epoch, after cessation of the infusion when it fell from 200 to 160 bpm, the heart rate remained statistically unchanged from the control period. • ml" 1 (p < .002) after 60 min of hypotension. Maximal increases of plasma renin activity occurred at 30 min (from 6.7 ± 1.56 to 27.4 ± 11.44 ng · mT 1 , p < .0001) all had their maximal increase at 60 min. Thirty minutes after discontinuing the nitroprusside infusion, the plasma renin activity (11.4 ± 1.96 ng · h" 1 , ρ < .02), norepinephrine (233.2 ± 53.89 pg • ml" 1 , ρ < .04) and total catecholamine level (300.6 ± 65.92 pg · ml" 1 , ρ < .02) remained statistically higher than control values. Vasopressin levels also remained elevated at a mean of 27.0 pg/ml; however, this value was not statistically different from control because of wide scatter in the individual levels.
There were no statistically significant differences in mean blood pH or blood gas tensions (table  I) . The mean control plasma sodium (141.8 ± 1.74 meq -I" 1 ) remained unchanged during the experiment and was within the normal range for newborn lambs. The osmolality remained statistically unchanged but did all from 311.4 ± 2.76 to 303.6 ± 4.9 mOsm · kg" 1 at 120 min. Hct fell from 30.5 ± 0.49 to 28.0 ± 0.94 at the end of infusion but returned to control levels after 30 minutes.
Discussion
The present experiments have shown that as in hemorrhagic hypotension, the newborn lamb responds to nitroprusside-induced, euvolemic hypotension by releasing vasopressin, renin and catecholamines. Recovery from hypotension was associated with elevated levels of renin and catecholamines and a prolonged rebound hypertension that was of somewhat shorter duration than in the fetus of the same species (figures 1 and 2).
In agreement with the results of ROSE et al, the dose of nitroprusside required by the newborn lamb, to produce a 10 -20% reduction in blood pressure, was slightly higher than in the adults [27, 39] . Except for a transient bradycardia following the end of the infusion, the nitroprusside induced hypotension in the present experiments was not associated with significant change in heart rate. These results are in agreement with those of ROSE et al and KUIPERS et al, in the newborn lamb but not with those of Ross et al in the fetal lambs where a tachycardia was observed [20, 27, 30] . These differences could be due to differences in rates of infusion, age of the lambs and to the negative chronotropic effects of high levels of vasopressin found in ROSE'S and our experiments but not in those of Ross [23, 27, 30] . During nitroprusside induced hypotension, plasma levels of vasopressin of the newborn lamb rose 15 fold, plasma renin activity 4 fold and catecholamines 3 fold (figure 2). Since nitroprusside reduced mesenteric and renal blood flows, the high levels of VP, PRA and CA could be in part due to a reduction in their rates of elimination [20, 30, 38] . However the rate of rise in the levels suggest that this more likely is due to stimulation of the neurohypophyseal, sympatho adrenal and renin-angiotensin systems in order to maintain blood pressure [2, 8, 10, 11, 13, 17, 29, 32] . Since neither pHa, PaO 2 , plasma sodium or osmolality were significantly affected by nitroprusside, hypoxia and hemoconcentration can be ruled out as possible causes for the release of these vasoactive mediators [4, 5, 7, 26, 32] . Gavras suggests that in the adult, the sympathetic nervous system is more involved in the maintenance of blood pressure whereas vasopressin and renin are important back-up mechanisms [9] . The increase in vasopressin in the present experiments was lower, while that of PRA was higher and catecholamines similar to those found in the ewe during a comparable degree of nitroprusside induced hypotension [39] .
From our results and those of ROSE et al [29] , it is tempting to postulate that in the newborn it is the renin-angiotensin system that is more important. However, in addition to their direct effects, vasopressin, renin-angiotensin and catecholamines interact with each other; furthermore, both their direct actions and the extent of their interactions may change during development [12, [14] [15] [16] 18, 28, 33, 35] . Thus differences between the adult and newborn in the relative release of these vasopressors in response to hypotension may not reflect differences in their importance in the maintenance of blood pressure. During the period of hypotension, the heamtocrit of the newborn lamb decreased significantly by 2.5% then returned to control levels rather thirty minutes (table I) . This change cannot be due to hemodilution due to volume loading since the volume infused never exceeded 6 ml. These results together with the absence of change in plasma osmolality agree with the conclusions of BRACE et al and Ross et al in the fetal lamb, that there is a transfer of iso-osmotic fluid from the interstitium to the intravascular space in response to hemorrhage or hypotension [3, 20] .
In the adult, cessation of nitroprusside infusion resulted in a transient rebound hypertension which could be eliminated by propranolol, nephrectomy, or angiotensin converting enzyme inhibition [1, 19] . These results suggested that the rebound hypertension was a function of release of catecholamines and activation of the renin angiotensin system although vasopressin might also have played an important role. In the present experiments on the newborn lamb, significantly elevated levels of renin and catecholamines were found during this period. The duration of hypertension (post nitroprusside infusion) in the newborn lamb was less than that observed in the fetal lamb [40] but longer than in the ewe [39] . These elevated values thirty minutes after the end of hypotension could be due to low rate of elimination as a result of prolonged effect of nitroprusside on mesenteric and renal blood flows [20, 30, 38] . In any case, these observations suggest that the ability of the newborn lamb to precisely regulate the release or metabolism of vasoactive mediators is between that of the fetal and adult sheep.
In summary, the newborn lamb responded to nitroprusside induced hypotension by releasing vasopressin, renin and catecholamines. The increase in plasma levels of vasopressin was smaller, while that of renin activity was larger and catecholamines similar to that found in the ewe. The duration of the rebound hypertension was longer than has been observed in fetal sheep. Concurrent with the hypertension, there were prolonged elevated levels of plasma renin activity and catecholamines. We speculate that these elevated levels of vasoactive mediators are responsible for the prolonged rebound hypertension and thus represent immaturity in the lamb's ability to regulate release or metabolism of these mediators.
Abstract
The circulating levels of vasopressin, catecholamines and renin activity before, during and following a 10-20% fall in mean arterial blood pressure induced by sodium nitroprusside were measured in six chronically catheterized lambs during the first week of life. No significant changes in pHa, PaO 2 , PaCO 2 , Plasma sodium or osmolality were observed during or following the infusion of sodium nitroprusside at an average of 12 g · kg" 1 · min" 1 (table I) . However, the fall in blood pressure at the end of 60 minutes infusion, was associated with significant increases in the plasma levels of vasopressin from a control value of 2.4 + 0.57 to a maximum of 35.1 ± 16.3 pg/ml (p = .002), renin activity from 6.7 ± 1.56 to 27.4 ± 11.44 ng -ml" 1 (p = 0,0001). L'elevation de la vasopressine est plus faible que les valeurs retrouvees chez la brebis alors que la PRA est plus elevee et les catecholamiens similaires. L'activite renine plasmatique (PRÄ) et les taux de catecholamines demeurent eleves au moins 30 minutes apres la fin de la perfusion alors que la pression sanguine moyenne s'eleve de facon significative au-dessus des temoins et reste elevee pendant vingt minutes ( fig. 1  et 2) . Nous emettons Fhypothese que les taux eleves persistants de mediateurs vaso-actifs sont responsables du rebond hypertensif, prolonge qui suit Farret de la perfusion de nitroprusside et que ce rebond est le resultat mediateurs vasoactifs ou d'une combinaison des 2. Ce rebond hypertensif pourait entrainer des effets nuisibles tout particulierement chez le nouveau-ne tres immature.
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